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,QWURGXFWLRQ
5HVRXUFHDQGHQHUJ\HIILFLHQF\LQLQGXVWULDOSURGXFWLRQLVRQHRIWKHSULRULWLHVRIWKH(XURSHDQ8QLRQ(8RQLWV
URXWH WRZDUGV VXVWDLQDEOH JURZWK$PRQJ RWKHUV WKH (XURSHDQ&RPPLVVLRQ KDV GHILQHG WKDW (80HPEHU VWDWHV
VKRXOGDLGLQGXVWULDOFRPSDQLHVWRV\VWHPDWLFDOO\PHDVXUHEHQFKPDUNDQGLPSURYHWKHLUUHVRXUFHHIILFLHQF\>@DQG
HQFRXUDJHHQHUJ\HIILFLHQF\EDVHGVDYLQJVHVSHFLDOO\ LQVPDOODQGPHGLXPHQWHUSULVHV60(>@,Q WKLVDUWLFOH
WKH 60( GLVWLQFWLRQ E\ VL]H WXUQRYHU DQGRU DQQXDO EDODQFH LV DSSOLHG DV VHW LQ $QQH[  RI WKH (XURSHDQ
&RPPLVVLRQ5HJXODWLRQ1R>@
7KHFKRLFHRIEUHZHU\VHFWRUDVWKHREMHFWRIWKLVVWXG\LVFRQVHTXHQWLDODVRQO\WZRRIEUHZHULHVLQ/DWYLDDUH
ODUJH VL]H FRPSDQLHV WKH EUHZHU\ VHFWRU LV VDWXUDWHG ZLWK VPDOO DQG PHGLXP FRPSDQLHV DQG LW LV DOVR RQH RI
LPSRUWDQW LQGXVWULHV LQ/DWYLD>@'XHWR WKHLUZLGHUUDQJHRIVWDNHKROGHUV ODUJHUEUHZHULHV WHQGWRIRFXVPRUHRQ






FOLPDWH SURGXFWLRQ WHFKQRORJ\ SURGXFWPL[ GLIIHUHQW ERWWOLQJ WHFKQRORJLHV >@ EUHZHU\ VL]H \HDUV RI RSHUDWLRQ
JHRJUDSKLFDOORFDWLRQDSSOLHGSURFHVVHVDQGHTXLSPHQW>@$VFRPSHWLWLRQLVDQLPSRUWDQWGULYLQJIRUFHLQEXVLQHVV
LQFOXGLQJ EUHZHULHV EHQFKPDUNLQJ UHVRXUFH DQG HQHUJ\ HIILFLHQF\ LQ EUHZHULHV FDQ PRWLYDWH LQYHVWPHQWV IRU
HFRQRPLFDOO\DQGHQYLURQPHQWDOO\EHQHILFLDOLPSURYHPHQWVDQGLQQRYDWLRQ>@
%HQFKPDUNLQJDQG WKH LGHQWLILFDWLRQRI WKHSRWHQWLDO LPSURYHPHQWV UHTXLUHV LQIRUPDWLRQDQGGDWDDERXW WKHEHVW
SUDFWLFHWKHUHVRXUFHHIILFLHQF\IRUHUXQQHUVDVZHOODVUHDONQRZOHGJHRIVSHFLILFFRQVXPSWLRQSHUSURGXFWLRQXQLW
>@7KH5HIHUHQFH'RFXPHQW RQ%HVW$YDLODEOH7HFKQLTXHV LQ WKH)RRG'ULQN DQG0LON ,QGXVWULHV %5() >@
SURYLGHV EHQFKPDUNV IRU HQHUJ\ DQG UHVRXUFH FRQVXPSWLRQ LQ EHHU SURGXFWLRQ 7KH UHFRPPHQGHG HOHFWULFLW\
FRQVXPSWLRQ UDQJHV EHWZHHQ  ±  0-KOEHHU WKHUPDO HQHUJ\ FRQVXPSWLRQ W\SLFDOO\ UDQJHV IURP  WR 
0-KOEHHUW\SLFDOZDWHUFRQVXPSWLRQ±ZLWKLQWKHUDQJHRIWRKOKOEHHUWKHUHFRPPHQGHGPDOWFRQVXPSWLRQLV
NJKOEHHU>@$VWKHVHEHQFKPDUNVZHUHHVWDEOLVKHGDGHFDGHDJRDQGDUHEDVHGRQGDWDIRU ODUJHEUHZHULHVZLWKD
FDSDFLW\ RYHU PLOOLRQ KO RI EHHU SHU \HDU WKH\PD\ QRW EH UHOHYDQW IRU FXUUHQW VLWXDWLRQ LQ VPDOO DQGPHGLXP
EUHZHULHV 7KHUHIRUH VSHFLILF FDVH VWXGLHV FDQ EH XQGHUWDNHQ DQG XVHG IRU UHIHUHQFH )RU H[DPSOH GXULQJ WKH


















LQ/DWYLD7RSURPRWH WKH DSSURDFK WR DSSO\QDWLRQDO UHIHUHQFHGRFXPHQWV WKH UHVRXUFH DQG HQHUJ\ FRQVXPSWLRQ
GDWDLVFROOHFWHGIURPIRXU/DWYLDQVPDOODQGPHGLXPVL]HEUHZHULHV7KHUHVRXUFHDQGHQHUJ\SHUIRUPDQFHRIWKH
EUHZHULHV LV FRPSDUHG ERWK DPRQJ WKH EUHZHULHV DQG WR WKH EHQFKPDUNV LQ OLWHUDWXUH ,Q RUGHU WR FRPSDUH WKH




2.1. Data acquisition 
7KH GDWD ZHUH DFTXLUHG RQVLWH GXULQJ SHUVRQDO PHHWLQJV ZLWK UHSUHVHQWDWLYHV RI EUHZHULHV DOWRJHWKHU ILYH
EUHZHULHV ZHUH YLVLWHG IRU WKH SXUSRVHV RI UHVHDUFK EXW RQO\ IRXU RI WKHP SURYLGHG GHWDLOHG GDWD >@ 7KH
SURGXFWLRQFDSDFLW\RIWKHFRQVLGHUHGEUHZHULHVUDQJHVIURPWRKOSHU\HDU7KHQHFHVVDU\GDWDIRUDW
OHDVW WKH ODVW WKUHH\HDU SHULRG LQFOXGHG PRQWKO\ GDWD RQ HOHFWULFLW\ FRQVXPSWLRQ IXHO JDV GLHVHO RWKHU
FRQVXPSWLRQPDOWFRQVXPSWLRQZDWHUFRQVXPSWLRQSURGXFHGDPRXQWRIEHHUSURGXFHGDPRXQWRIEHHUE\W\SHRI
SDFNDJLQJ ± PHWDO EDUUHOV JODVV ERWWOHV SODVWLF ERWWOHV 7KH DGGLWLRQDO GDWD WKDW ZHUH UHTXHVWHG DQG KDG WR EH
SUHSDUHGZHUHHPDLOHGODWHUE\FRPSDQ\UHSUHVHQWDWLYHV7KHFRPSDQ\UHSUHVHQWDWLYHVLQYROYHGLQWKHVWXG\ZHUH
JHQHUDOO\ WKH FRPSDQ\ RZQHUV RU PDQDJHU DQG PDLQ HQHUJHWLF HQJLQHHU RU WHFKQRORJLVW $W HDFK VLWH YLVLW DQ
LQWURGXFWLRQWRWKHSURGXFWLRQSODQWDQGRSHUDWLRQVZDVFDUULHGRXWLQRUGHUWRDFNQRZOHGJHSRWHQWLDOGLIIHUHQFHVLQ
SURGXFWLRQSURFHVVHV
2.2. Analysis of specific energy consumption 
7KH LQGLFDWRU RI VSHFLILF HQHUJ\ FRQVXPSWLRQ LV FRPPRQO\ DSSOLHG IRU HQHUJ\ HIILFLHQF\ EHQFKPDUNLQJ LQ
LQGXVWU\ >@ 6LPLODUO\ VSHFLILF UHVRXUFH DQG ZDWHU FRQVXPSWLRQ LQGLFDWRUV DUH DSSOLHG WR HYDOXDWH UHVRXUFH
HIILFLHQF\ %DVHG RQ HPSLULFDO GDWD IURP EUHZHULHV VSHFLILF HQHUJ\ UHVRXUFH DQGZDWHU FRQVXPSWLRQ LQGLFDWRUV
ZHUHFDOFXODWHGDQGQRUPDOL]HGE\SURGXFWLRQDPRXQWLQEUHZLQJLQGXVWU\FRPPRQO\PHDVXUHGLQKHFWROLWHUVKO
WRFRPSDUHWKHSHUIRUPDQFHRIEUHZHULHVVHH(TXDWLRQDVH[DPSOHIRUVSHFLILFHQHUJ\FRQVXPSWLRQ7KHDQDO\VLV
UHVXOWV GLIIHU QRW RQO\ GXH WR HIILFLHQF\ RI HDFK EUHZHU\ EXW DOVR GXH WR VWUXFWXUDO DQG RWKHU GLIIHUHQFHV )RU










2.3. Regression analysis for energy consumption 
$VD FRPSDQ\¶V VSHFLILF HQHUJ\ FRQVXPSWLRQGLUHFWO\GHSHQGVRQ WRWDO HQHUJ\ FRQVXPSWLRQ LW LV LPSRUWDQW WR
DVVHVVKRZWKHVSHFLILFLQGLYLGXDOIDFWRUVLPSDFWRYHUDOOHQHUJ\FRQVXPSWLRQ7KHUHIRUHDOLQHDUUHJUHVVLRQDQDO\VLV
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3.1. Specific energy consumption 
7KHVXPPDU\GDWDIRUDQQXDOVSHFLILFWKHUPDODQGHOHFWULFDOHQHUJ\FRQVXPSWLRQLQFDVHVWXG\EUHZHULHVDVZHOO
DV WKH EHQFKPDUNV LGHQWLILHG LQ OLWHUDWXUH DQDO\VLV DUH SUHVHQWHG LQ )LJ  ,Q %UHZHULHV  DQG  D WHQGHQF\ RI
GHFUHDVLQJ VSHFLILF WKHUPDO HQHUJ\ FRQVXPSWLRQ LV REVHUYHG 7KLV LV SDUWO\ H[SODLQHG E\ LQFUHDVLQJ SURGXFWLRQ
FDSDFLW\DQG WKXV ORZHU WKHUPDOHQHUJ\ ORVVHVSHUSURGXFWLRQXQLW LHHFRQRPLHVRIVFDOH2IVSHFLILF LQWHUHVW LV
%UHZHU\ZKHUHVSHFLILFWKHUPDOHQHUJ\FRQVXPSWLRQZDVTXLWHFORVHWR%5()UHFRPPHQGDWLRQV>@LQDQG





&DVH VWXG\ EUHZHULHV DUH VLJQLILFDQWO\ H[FHHGLQJ WKH UHFRPPHQGHG HOHFWULFLW\ FRQVXPSWLRQ EHQFKPDUNV
%UHZHU\ LV VLJQLILFDQWO\DIIHFWHGE\ WKHVLWHVSHFLILFSUHFRQGLWLRQVQHYHUWKHOHVV WKHUH LVSRWHQWLDO IRUHIILFLHQF\
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3.2. Specific resource consumption 
'DWDZDVJDWKHUHG IRU FRQVXPSWLRQRI WZRRXWRI IRXUPRVW LPSRUWDQW LQJUHGLHQWV XVHG IRUEHHU SURGXFWLRQ±
FRQVXPSWLRQRIPDOWDQGZDWHUDQGZKHUHSRVVLEOHGDWDZHUHJDWKHUHGRQEUHZHU¶VVSHQWJUDLQDQGZDVWHZDWHUDV
ZHOO 7KH VSHFLILF FRQVXPSWLRQ RIZDWHU VHH )LJ  LV TXLWH VLPLODU LQ WKUHH RI WKH EUHZHULHV WKH H[FHSWLRQ LV
%UHZHU\$QXQGHVLUDEOHLQFUHDVHLVREVHUYHGIRU%UHZHU\LWFDQEHVHHQLQWKH%5()UHFRPPHQGDWLRQV





7KH VSHFLILF FRQVXPSWLRQ RI PDOW VHH )LJ  LQ WKH FRQVLGHUHG EUHZHULHV LV VLPLODU DQG TXLWH FORVH WR WKH
DYDLODEOH UHIHUHQFH EHQFKPDUNV 6LPLODUO\ DV IRU RWKHU UHVRXUFHV WKH VSHFLILFPDOW FRQVXPSWLRQ LV GHSHQGHQW RQ
WHFKQRORJ\ GLIIHUHQFHV LQ HDFK EUHZHU\ 1HYHUWKHOHVV WKLV FRPSDULVRQ RI FRPSDQLHV LQ WKH VDPH UHJLRQ DQG RI
VLPLODUVL]HVKRZVSRWHQWLDOIRULPSURYHPHQWHVSHFLDOO\LQFDVHRI%UHZHU\$VPDOWFRVWVFRQVWLWXWHWKHODUJHVW
VKDUHRISURGXFWLRQFRVWVUHVRXUFHHIILFLHQF\PD\OHDGWRVLJQLILFDQWHFRQRPLFEHQHILWV
3.3. Regression analysis for energy consumption  
$QH[DPSOHRIWKHGHYHORSHGHQHUJ\FRQVXPSWLRQPRGHOVIRURQHRIWKHEUHZHULHVDUHSUHVHQWHGE\HTXDWLRQV
DQGDQGLQ)LJXUH(TXDWLRQVKRZVWKDWDVWDWLVWLFDOO\VLJQLILFDQWUHODWLRQVKLSGRHVQRWIRUPEHWZHHQHQHUJ\
FRQVXPSWLRQ DQG DPRXQW RI SURGXFWLRQ1HYHUWKHOHVV WKH OLQHDU UHJUHVVLRQ HTXDWLRQV  DQG  DUH DEOH WR EHWWHU
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UHODWLYH ZDWHU FRQVXPSWLRQ LQ WKUHH RI WKH EUHZHULHV LV YHU\ VLPLODU +LJKHU FRQVXPSWLRQ FDQ EH VHHQ IRU WKH
FRPSDQ\ WKDW DOVR SURGXFHV QRQDOFRKROLF EHYHUDJHV ZKHUH WKH SURGXFWLRQ SURFHVV LV GLIIHUHQW DOWKRXJK WKH
UHODWLYHZDWHUFRQVXPSWLRQ LVFDOFXODWHG WDNLQJ LQWRDFFRXQW WKH WRWDOSURGXFWLRQYROXPH LQFOXGLQJQRQDOFRKROLF
EHYHUDJHV 7KH FRPSDULVRQ RI WKHVH FRPSDQLHV DOWKRXJK WKH\ DUH RI TXLWH VLPLODU VL]H VKRZV WKDWPDQ\PRUH
IDFWRUVEHVLGHVSURGXFWLRQFDSDFLW\ LQIOXHQFH WKHLU VSHFLILF UHVRXUFHDQGHQHUJ\FRQVXPSWLRQ7KHFRQFOXVLRQVRI
WKH VWXG\ KLJKOLJKW SRWHQWLDO IRU UHVRXUFH DQG HQHUJ\ HIILFLHQF\ LPSURYHPHQWV LQ VPDOO VL]H EUHZHULHV DQG
DFFRUGLQJO\WKHQHFHVVLW\WRDQDO\]HWKHVHDUHDV7KHGLUHFWFRPSDULVRQRIFRPSDQLHVKRZHYHULVFRPSOLFDWHGDV
FRPSDQ\VWUXFWXUHDQGDFWLYLWLHVFDQGLIIHU7KLVFRQFOXVLRQOHDGVWRIXUWKHULQWHUHVWLQGHILQLQJDPRUHDSSURSULDWH










>@ (XURSHDQ 3DUOLDPHQW 'LUHFWLYH (8 RQ HQHUJ\ HIILFLHQF\ DPHQGLQJ 'LUHFWLYHV (& DQG (8 DQG UHSHDOLQJ
'LUHFWLYHV(&DQG(&2IILFLDO-RXUQDORIWKH(XURSHDQ/























>@=RJOD / =RJOD * %HORERURGNR $ 5RVD 0 3URFHVV %HQFKPDUN IRU (YDOXDWLRQ (QHUJ\ 3HUIRUPDQFH LQ %UHZHULHV (QHUJ\ 3URFHGLD
±
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